How carbon vacancies can affect the properties of group IV color centers
  in diamond: A study of thermodynamics and kinetics by Defo, Rodrick Kuate et al.
Optimizing the Production of Single Color Centers in Diamond
Rodrick Kuate Defo,1 Efthimios Kaxiras,1, 2 and Steven L. Richardson2, 3
1)Department of Physics, Harvard University, Cambridge, MA 02138
2)John A. Paulson School of Engineering and Applied Sciences, Harvard University,
Cambridge, MA 02138
3)Department of Electrical and Computer Engineering, Howard University, Washington,
DC 20059
(Dated: 28 May 2019)
Experiments with the negatively charged nitrogen vacancy (NV−) in diamond highlight
this defect’s promise for coherent storage of quantum information. They have also spurred
investigations of other color centers in diamond formed by defects that consist of Group
IV element (Si, Ge, Sn, Pb) and vacancies which have different atomic structure than
the NV− center. To date, these other color centers have not exhibited coherence quite as
impressive as that of the NV− center. Spectral diffusion and the low Debye-Waller factor
are important limitations of the NV− center that make investigation of the other color
centers necessary to advance the field. In this work we use density-functional theory (DFT)
to study the thermodynamics and kinetics associated with the NV , SiV , GeV , SnV and PbV
color centers in diamond. We find agreement between our theoretical calculations and the
charge state of various color centers as observed in intrinsic diamond. We determine the
Fermi level values that enhance the production of isolated color centers, which may lead
to longer coherence times than their present values.
1
ar
X
iv
:1
90
5.
10
83
2v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 26
 M
ay
 20
19
I. INTRODUCTION
Solid state single photon emitters (SPE) have become important systems in both basic and
applied research because of their applications in quantum computing, quantum metrology, and
quantum information processing1–3. The most studied SPE to date is the negatively charged ni-
trogen vacancy (NV−) in diamond, consisting of a N substitutional atom and an adjacent carbon
vacancy, because its electron spin has excellent coherence time even at room temperature4. This
spin state can be prepared, manipulated and read out using light and radiofrequency fields. Unfor-
tunately only about 4% of the fluorescence is found in the zero-phonon line of the NV− center5.
Another problem is that it has an electric dipole moment which makes it susceptible to external
noise and local fields, causing broadening in the transition level inhomogeneities. One way to
solve this problem is to consider systems with inversion symmetry and thus no dipole moment,
which would be unaffected by external fields.
XV color centers in diamond, where X is a Group IV element (X = Si, Ge, Sn, or Pb) and
V refers to the presence of carbon vacancies, indeed possess inversion symmetry. We focus on
single carbon vacancies (VC) in this work, and show that their presence may partly explain the low
coherence times for these color centers by increasing the phonon density of states near the orbital
splitting frequencies. The study of carbon vacancies in diamond is motivated by the fact that the
formation of Group IV color centers and the NV− color center is generally a non-equilibrium
process, realized by high-energy ion implantation. During the ion implantation process used to
create these color centers, numerous VC defects are created throughout the host diamond material
as well. These defects are quite mobile and can diffuse throughout the crystal, not only combining
with other vacancies and recombining with interstitials, but also combining to form complexes
with stationary color centers throughout the host diamond material. The formation of these VC-
color center complexes would deplete the number of isolated color centers in the host diamond
material, reducing yields.
The coherence time can also be negatively affected by coupling to the 13C nuclear spins or
paramagnetic defects in the environment6,7. Some work has been done already probing the extent
to which the NV− center can couple to, or decouple from, the nuclear spins in its environment,
as a means of implementing multi-qubit registers8. Better isolation of the color centers from the
carbon vacancies would also help alleviate the issue of paramagnetic defects in the neighborhood
of the color center. Better isolation of color centers can be obtained from annealing, as can be
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argued by simple electromagnetic and chemical considerations under certain doping conditions.
The negative germanium vacancy in diamond9–15, referred to as GeV−, is more formally
Gei(VC)2, that is a Ge interstitial atom between two adjacent carbon vacancies. The SiV , SnV 16–18
and PbV 19 centers have similar structures. To understand the formation and stability of the GeV ,
NV as well as the SiV and the new centers SnV and PbV , we compute formation energies as a
function of charge state and obtain diffusion barriers for the VC, both isolated and in the presence
of these color centers. As a general trend, we find that in p-type diamond, production of isolated
color centers is enhanced. The paper is organized as follows: section II outlines the computational
methods, section III presents the important results and section IV contains our conclusions.
II. COMPUTATIONAL METHODS
We performed first-principles density functional theory (DFT) calculations for the various de-
fect structures using the VASP code20–22. For the exchange-correlation energy of electrons we
use the generalized gradient approximation (GGA), as parametrized by Perdew, Burke and Erzen-
hof (PBE)23. The atomic positions were relaxed until the magnitude of the Hellmann-Feynman
forces was smaller than 0.01 eV·Å−1 on each atom and the lattice parameters were concurrently
relaxed. The wavefunctions were expanded in a plane wave basis with a cutoff energy of 600 eV
and a Monkhorst-Pack grid of 18×18×18 k-points was used for integrations in reciprocal space
for the stoichiometric conventional unit cell. The relaxed lattice parameters of the stoichiometric
conventional unit cell were then used for all other structures. As a test of the level of convergence
of energies and structural features, we checked that the increase in grid size from 12× 12× 12
to 18× 18× 18 and in cutoff size from 400 eV to 600 eV caused a change in the total energy of
less than 0.02 eV and a change in the lattice constants of less than 0.01 Å. Formation energies
and transition states were calculated using a supercell with 216 atoms (3× 3× 3 multiple of the
conventional unit cell) with appropriately scaled k-point grids and a cutoff energy of 400 eV. Su-
percells that were a 4×4×4 multiple of the conventional unit cell were also investigated to check
the convergence of the results.
The formation energies of XV (q) (X = N, Si, Ge, Sn, Pb) in various charge states were calculated
according to the formula,
E f (q) = Edef(q)−E0−∑
i
µini+q(EVBM+EF)+Ecorr(q) (1)
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where q denotes the charge state, with q ∈ [−3,+2], Edef(q) is the total energy for the defect
supercell with charge q, E0 is the total energy for the stoichiometric neutral supercell, µi is the
chemical potential of atom i, ni is a positive (negative) integer representing the number of atoms
added (removed) from the system relative to the stoichiometric cell, EVBM is the absolute position
of the valence band maximum, EF is the position of the Fermi level with respect to the valence
band maximum (generally treated as a parameter) and Ecorr(q) is a correction term to account for
the finite size of the supercell when performing calculations for charged defects24. This correction
term does not simply treat the charged defect as a point charge, but rather considers the extended
charge distribution. The chemical potential of N was obtained using the β hexagonal close-packed
structure, that of Ge, Si and C were obtained using the diamond structure, that of Sn was obtained
using the body-centered tetragonal structure and that of Pb was obtained using the face-centered
cubic structure. For diffusion studies, all defect atoms were located at the same position in the
crystal lattice relative to the VC with the exception of N, which was considered at two positions
such that its average position in the crystal lattice relative to the VC was the same as that of the
other defect atoms.
To compare the formation energy of the VC−XV complex to that of the isolated VC + XV , we
compute the following quantities. For a given value of the Fermi level, let
E ′(VC−XV )f = minq3
[
E(VC−XV )f (q3)
]
+[q3− (q1+q2)] · (ECBM−EF) (2)
where the last term is included to ensure charge conservation for the case q3 > q1+q2, and
E ′(VC+XV )f = minq1,q2
[
E(VC)f (q1)+E
(XV )
f (q2)
]
+[(q1+q2)−q3] · (ECBM−EF) (3)
where the last term is included to ensure charge conservation for the case q3 < q1 + q2. In the
equations above, q1 is the charge of the VC, q2 is the charge of the XV and q3 is the charge of the
corresponding complex. To ensure we have the lowest energy, we then take
ε(VC+XV )f = min
[
E ′(VC+XV )f , minq1=q3−q2
[
E(VC)f (q1)+E
(XV )
f (q2)
]]
(4)
or
ε(VC−XV )f = min
[
E ′(VC−XV )f ,E
(VC−XV )
f (q1+q2)
]
. (5)
For calculating the barriers for diffusion, we used the NEB method25,26. The atomic positions
were first relaxed in the initial and final 3× 3× 3 supercell configurations until the threshold of
0.01 eV·Å−1 was reached. Three images between the endpoints were then constructed by linearly
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interpolating between the endpoints and each image was relaxed to the force threshold of less than
0.01 eV·Å−1 on each atom. A spring force was set up between neighboring images such that the
relaxation would occur predominantly in the direction perpendicular to the hypertangent between
images, ensuring the preservation of equal distances between images.
The charge at the VC was obtained using the DDEC6 method27. These density derived electro-
static and chemical (DDEC) methods for determining charge assign to each atom a charge density
and optimize such charge densities with respect to distance functions designed to respect ionic and
covalent bonding and with the constraint that the sum of the atomic charge densities equal the total
charge density28. The DDEC6 method is preferable to Bader’s quantum chemical topology (QCT),
which can lead to non-nuclear attractors and thereby undefined net atomic charges (NAC)29 and
to the DDEC3 method which does not always converge to a unique solution or one that respects
the symmetries of the system27. It is also preferable to such methods as the Mulliken population
analysis, which is not independent of the chosen basis30.
As input to first-principles phonon calculations, performed using Phonopy31, a supercell with
64 atoms (2× 2× 2 multiple of the conventional unit cell) with appropriately scaled k-point
grids and a cutoff energy of 500 eV was used. In constructing input supercells with defects for
Phonopy, the atomic positions were relaxed until the magnitude of the Hellmann-Feynman forces
was smaller than 10−4 eV·Å−1.
III. RESULTS AND DISCUSSION
A. Optimized geometries
For the structural features of diamond, we obtain a = 3.572 Å for the lattice constant. This
agrees well with the experimental value of a = 3.567 Å32 and with a theoretical value of a =
3.570 Å2. Various structural constants are defined in Fig. 1 and the values for the different color
centers are presented in Table I, as obtained from our calculations and from previous theoretical
investigations2,33.
B. Formation energies
In order to relate the barrier height as a function of charge of the VC to the Fermi level, we have
also computed formation energies and, with these energies, charge transition levels of the defects,
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FIG. 1. Structure of (a)V−C , (b) XV
− and (c) NV− defects, with the same orientation, with distances defined
corresponding to the values in Table I. Carbon atoms are indicated in brown.
TABLE I. Structural constants d1 and d2 (in Å, see Fig. 1) for XV− centers and corresponding values from
previous work in brackets.
XV d1 d2
NV 1.80 [1.87a] 1.48 [1.42a]
SiV 1.98 [1.96b] 2.69 [2.67b]
GeV 2.03 [2.01b] 2.76 [2.73b]
SnV 2.10 [2.08b] 2.86 [2.83b]
PbV 2.15 [2.12b] 2.92 [2.88b]
a. From Ref.2
b. From Ref.33
which are shown in Fig. 2 for a representative case, the NV center. Our results for the formation
energy of the NV center in diamond are in good agreement with previous results2 and our results
agree with the charge state of the GeV found in intrinsic diamond in experiment15.
Our formation energy for the neutral VC, shown in Fig. 3(a), of 7.00 eV is in good agreement
with values from the literature of 6.74 eV and 6.86 eV, using a 128-atom supercell with the B3LYP
functional and using a 456-atom hydrogen-terminated cluster through the CRYSTAL code, respec-
tively,35 or 7.01 eV and 6.99 eV using 32- and 64-atom supercells, respectively, with the HSE06
functional36 or 6.78 eV using Vanderbilt ultra-soft pseudopotentials with a 64-atom supercell37.
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FIG. 2. (a) Charge transition levels shown relative to the experimental gap Eg = 5.47 eV34, for the unit cell
with 216 atoms for VC, NV , SiV , GeV , SnV and PbV . (b) Sample formation energy plot for the NV center,
from which charge transition levels are obtained.
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FIG. 3. (a) Formation energy for the most stable charge state of theVC as a function of the normalized Fermi
level. (b) Formation energy ε(VC−NV )f for the VC−NV complex (dashed line) and ε(VC+NV )f for the separate
VC + NV (solid line) and (c) ε
(VC−SiV )
f for the VC−SiV complex (dashed line) and ε(VC+SiV )f for the separate
VC + SiV (solid line). Vertical dotted lines indicate transitions between charge states.
C. The effect of the VC on the XV color centers in diamond
We now wish to address the effect that the VC in diamond would have on the Group IV color
centers, as the VC would be present in large concentration due to the ion implantation process. As
our calculations show, these defects are quite mobile and can diffuse easily throughout the crystal.
The formation ofVC complexes with stationary Group IV color centers will effectively destroy the
color center, thus adversely impacting the luminescence from the color center.
A VC in close proximity to a color center is quite stable as compared to the case when the
two constituents are isolated, based on the respective formation energies from our calculations.
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In Fig. 3(b) and (c) we show the example of the VC−SiVand VC−NV complexes. This example
shows that the VC easily forms complexes with the SiV and NV in diamond for most Fermi level
values (a sample complex is shown for one of the heavier color centers, GeV, in Fig. 4), ultimately
depleting the yield of isolated XV color centers in diamond. These VC nonetheless need to diffuse
throughout the diamond host material and react with the color center to form these complexes so,
to understand the likelihood of depletion it is important to determine their diffusivity to which we
turn next.
D. Diffusivity of VC defect
[111]
Ge
VC  GeV_
C
GeVVC
FIG. 4. Structure of theVC defect (left), the isolated GeV center (middle) and theVC−GeV complex (right).
Carbon atoms are indicated in brown and the Ge atom in blue. The associated charge density for the
VC−GeV complex is shown to indicate where bonds are formed.
We first used the NEB method to compute the lowest energy diffusion pathway for an isolated
VC in diamond and then calculated the barrier height (E
VC
b ) for that particular lowest energy path-
way. We then hypothesized that this barrier height would also depend upon the charge state of
the isolated VC. To test our hypothesis we performed a model calculation in which we computed
the barrier height for diffusion of the VC as a function of the charge state of the vacancy, q. It is
important to realize that in our actual DFT calculation we can not directly alter the charge state of
the VC in diamond. We can, however, modulate the total charge of the supercell which contains
the isolated VC and this charge is redistributed throughout the supercell as a result of the DFT
calculation. We then used the DDEC6 method (see Section II) to compute the charge state of the
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VC for a particular choice of the total charge of the supercell which contains the isolated VC (we
chose nine different values for the total charge of the system from −6 to +2e). We note that our
barriers for the neutral isolated VC and the isolated V−C of about 2.6 eV and 3 eV, respectively, are
in good agreement with other theoretical values of 2.6 eV and 3.5 eV2. The results for the various
centers are shown in Fig. 5.
The V-shaped behavior of the barrier as a function of charge can be interpreted to first-order
using very simple chemical and physical ideas. Starting at the right-hand side of any of the results
of Fig. 5 and moving towards the left corresponds to increasing the Fermi level of the host material.
From a practical point of view this can be accomplished by doping diamond with electrons thus
making more electrons available in the conduction band. These excess electrons are now available
to theVC and stabilize the dangling bonds surrounding it. This results in a lower barrier height since
the presence of the passivating charge reduces the energy required to break and reform chemical
bonds during the diffusion of the VC through diamond. As the Fermi level is increased further
the point is reached where the VC becomes saturated with charge and it can no longer acquire
more electrons to passivate the neighboring dangling bonds. The excess charge interacts with the
charge around the VC and the ensuing Couloumb repulsion causes an increase in the diffusion
barrier height. In summary, our model calculation shows that the charge of the VC must be taken
into account to determine how easy or hard it is for the defect to diffuse. This barrier height is
implicitly a function of the Fermi level of the host semiconductor material, as the expected charge
state depends on the Fermi level position, which can be altered either by doping or through the
application of an external bias.
E. Diffusivity of VC defect in the presence of XV color centers
We next investigate the ease of diffusion if the VC is placed near a color center. To address this
question we used a simple model in which both the VC and the XV color center are placed in a
supercell in such a manner as to maximize the distance between them by taking into account the
periodicity of the supercell. Once this distance is determined we calculated the barrier height of
diffusion for the VC in the presence of the stationary XV color center (E
(XV )
b ). As discussed for
the isolated VC above we expect this barrier height to depend on the charge state. In the presence
of a second species, namely the XV color center, we expect the charge of the VC to evolve more
gradually with the total charge assigned to the supercell than in the isolated case. The total charge
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in the supercell containing both the XV and the VC was varied from −6e to +1e.
The barrier height for the VC in the presence of the XV as a function of the charge state of the
VC also has a characteristic V-shaped behavior similar to that of the isolated VC for the reasons
previously discussed, but is always higher than that of the isolated VC. This can be explained by
the fact that the XV acts as a dopant, more precisely an acceptor, and it removes charge from the
local environment of theVC, thus making it harder to passivate the dangling bonds surrounding the
VC as it diffuses. The net effect is that the diffusion barrier height for the VC in the presence of the
XV is increased.
As can be seen in Fig. 5, it should be possible to isolate any of the color centers under in-
vestigation, as the barriers for diffusion of the VC in their presence are uniformly higher than in
the isolated case, but for intrinsic diamond, corresponding to a VC charge of −1e, one would not
expect high yields. Essentially, a higher barrier for diffusion of the VC in the presence of the XV ,
implies the VC will tend to be located further away from the XV after annealing. The gains are
generally greater by lowering the Fermi level to obtain an increased barrier difference to diffusion
of the VC in the presence of the color center compared to the isolated case, than by increasing the
Fermi level. The sample may require some post-treatment, potentially through an electric bias, in
order to tune the Fermi level to the regime where the appropriately charged color center exists.
We have considered the effect of increasing the size of the supercell from a 3×3×3 multiple
to a 4× 4× 4 multiple of the conventional unit cell, corresponding to an increase in the distance
between defect species from 7.62 Å to 9.18 Å (a change of about 20%). These larger supercells did
not produce any qualitative changes in the observed trends. The results nonetheless warrant some
further detail as the 4× 4× 4 supercells, where the different defect species were placed slightly
farther away from each other (and from their periodic images), actually resulted in significantly
higher barriers to diffusion for the cases with nonzero total charge than the 3× 3× 3 case. We
explain this effect by noting that as defects approach one another, their orbitals hybridize, resulting
in lower energies. Having explored the limiting cases of infinite distance between the species (the
isolated case) and minimal distance between the species (discussed below) and two intermediate
cases, we can conclude that the barrier for diffusion of theVC depends on distance in the following
manner: It increases from roughly zero as the distance between the species is increased until it
reaches a maximum when the species are at the minimum distance where they no longer experience
hybridization of orbitals, and then decreases until the barrier reaches the value for the isolated VC.
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FIG. 5. Charge dependence of the barrier E(VC)b for diffusion for the isolated VC (black open circles) and
(colored dots) in the presence of a XV , E(XV )b . The horizontal axis is the relative charge on the VC. For NV
′,
the positions of the vacancy and the N atom have been switched to investigate the effect on the barrier of
the orientation of the NV . The lines between data points are a guide to the eye. The curves at the bottom of
each plot are the differences between the two barriers ∆E(XV )b = E
(XV )
b −E(VC)b . For the NV (NV ′), the total
charge values were extended down to −8e and −7e, respectively.
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F. Formation of complexes of XV and VC
We have also studied the possibility of formation of complexes of XV andVC, as anticipated by
an example given earlier. The formation energy of the complexes, shown in Fig. 6, indicates that
complex formation is indeed a likely process. Essentially, a VC one atom away from a XV would
spontaneously relax to a configuration where it is attached to the XV : The formation energy shows
that if a XV and a VC are separated the energy of the system will in general be higher than if they
form a complex. We explain the propensity to form complexes by the fact that hybridization
is generally energetically favorable process, though when the magnitude of the charge becomes
too large, the less electronegative elements are no longer able to support the hybridization and
complexes cease to be energetically favorable.
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FIG. 6. Formation energy ε(VC−XV )f for the VC−XV (dashed lines) and ε(VC+XV )f for the separate VC + XV
(solid lines), for (a) X = Ge, (b) X = Sn, (c) X = Pb. Vertical dotted lines indicate transitions between charge
states.
Molecular dynamics simulations have shown that most defects are formed towards the end of a
trajectory or near the color center38, consistent with the creation of a Bragg peak39, thus the local
density of carbon vacancies should be quite high near the color center, enhancing the likelihood
of forming complexes. From the results shown in Fig. 6, it is evident that by tuning the Fermi
level to a high enough value, it is possible to make it unfavorable to form complexes of XV and
VC, though not for the NV , SnV and PbV color centers.
G. The effect of acoustic phonons on XV color centers
We finally turn to the question of how better isolation of color centers can actually lead to an
improvement in the coherence times of their spin states. The notion that acoustic phonons disrupt
the longevity of spin states has been established in the literature40,41. Any proposal to increase the
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coherence of color centers must then address the issue of the prevalence of acoustic phonons in
the host material. In this vein, we consider here the possibility to decrease the phonon density of
states about the orbital splitting frequency of the color centers as a means of enhancing coherence
times suggested in Ref.41. For the color centers under investigation, these frequencies lie below
2.5 THz18,19,41–43. We make the following argument for reducing the phonon density of states in
the region f . 2.5 THz. If we consider the simple cubic lattice, we note that the phonon density
of states is proportional to the inverse volume of the unit cell as the frequency goes to zero. Then,
if the size of the unit cell can be increased, the density of phonons for low frequencies would
decrease. The simplest way to increase the size of this unit cell would be to have a diamond
lattice with a very small, but nonzero number of defects. Essentially, if the number of defects was
zero, the unit cell would reduce to the proper unit cell of diamond, but if there is a single defect
in the crystal, the unit cell should then increase to the size of the crystal. Roughly speaking, for
uniformly distributed defects in the crystal the size of the unit cell should be about the size of
the crystal divided by the number of defects and the phonon density of states near zero frequency
should then increase or decrease correspondingly. As in the literature44, given the wavelength
of the phonons, we can employ a “locally periodic” or “locally uniform” approximation so that
the phonon behavior should be determined based on local densities of defects in the physically
realized systems.
In Fig. 7, we investigate the effect of changing the density of the VC in the diamond lattice
on the phonon density of states by considering several supercells with different defect densities.
The systems with defects had one defect per supercell, periodically repeated, with the exception
of the 1/4 VC/atom systems which had two defects in the unit cell, periodically repeated. We
see that the phonon density of states is effectively zero at low frequencies for the smallest nonzero
defect density (1/64VC/atom) and increases as the density of defects is increased. The pronounced
increase for a curve corresponding to 1/4 VC/atom (in gold) over the other curve corresponding
to 1/4 VC/atom (in purple) is due to the following effect: For the latter structure, the second
vacancy in a unit cell was placed as close as possible to the first vacancy resulting in very little
change in the effective periodicity of the cell, while for the former structure it was placed as
far as possible from the first vacancy, thus roughly halving the effective unit cell along certain
directions with a corresponding increase in the phonon density of states at low frequencies. The
argument suggests that native color centers (which would have a lower concentration of defects in
their neighborhood than implanted ones) should have longer coherence times and that annealing
13
should increase coherence times for implanted color centers, as confirmed by experiment45. This
conclusion is due to the fact that the barriers for diffusion of the VC in the neighborhood of the
color centers are uniformly higher than in the isolated case. Accordingly, annealing would lead to
a lower density of VC near the color center which has both the aforementioned effect on acoustic
phonons and also reduces the number of paramagnetic (VC)n clusters (n≥ 3) in the neighborhood
of the color center, which decrease the coherence time7. Investigations of SiV 0 in diamond46,
showing high yield and longer coherence times than SiV−, also support our results, given that the
barrier difference ∆ESiVb for VC diffusion peaks near a charge of q= 0 in the presence of SiV (see
Fig. 5).
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FIG. 7. Phonon density of states for various VC concentrations and positions in the diamond lattice, as
described in the text. The labels of the various curves correspond to defect density measured in defects
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IV. CONCLUSION
In conclusion, we have demonstrated the dependence of the barrier for diffusion of the isolated
VC, E
(VC)
b , and the VC in the presence of XV , E
(XV )
b , on the Fermi level with X = N, Si, Ge, Sn,
Pb. We have obtained formation energies for defect complexes and charge transition levels for
the various defects. This information can be used as a guide to dope or apply an electric bias to
samples in order to reversibly tune the Fermi level to the appropriate regime, to render energetically
unfavorable the formation of XV +VC complexes, where diffusion of the VC towards a given color
center would be impeded. By better isolating color centers from the VC defects, coherence times
14
should also be enhanced.
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